We have successfully fabricated freestanding single-crystal 6H-SiC cantilevers of several microns size using bulk micromachining with an inductively coupled plasma reactive ion etching system. We have also used these SiC cantilever structures to measure Young's modulus through the use of an atomic force microscope. The measurements were performed on a series of 13 µm thick and 20 µm wide cantilevers with lengths ranging from 100 µm to 350 µm. The average measured Young's modulus of 441 GPa is in excellent agreement with the documented values in the literature.
Introduction
Microelectromechanical systems (MEMS) are a rapidly expanding technology that utilizes integrated circuit (IC) fabrication techniques to produce micromechanical structures that can be used to produce microsensors and microactuators. The integration of these MEMS devices with ICs to produce integrated microsystems has been successfully implemented and commercialized globally. Silicon (Si) has been the dominant material for micromechanical components in MEMS devices. But an increasing demand for sensors that can operate at high temperature (>500
• C), corrosive and chemically harsh environments has stimulated the search for more robust materials as alternatives to silicon. Silicon carbide (SiC) is an excellent candidate for microsensors and microactuators for applications in harsh environments due to its outstanding physical and chemical properties, including wide bandgap, ability to operate at high temperatures, mechanical strength and chemical inertness to corrosive environments.
Etching is the key process for SiC MEMS microfabrication. Since SiC is chemically inert, conventional wet chemical etching is not possible at practical temperature with suitable etch rates. On the other hand, plasma etching of SiC has demonstrated excellent anisotropy and high etch rates (970 nm min −1 ) that facilitate the fabrication of SiC MEMS [1] . All the processes used to make MEMS fall into two general categories: surface micromachining and bulk micromachining. Surface micromachining consists of processes that are used to fabricate microelectromechanical structures from thin films deposited on the surface of a substrate. The main disadvantage of using thin-film structural materials is that the internal stress of the film limits the nominal thickness of the layer to a few micrometers. The film thickness limits the size of thin-film-based microstructures and the force produced by thin-film microstructures. Bulk micromachining, on the other hand, uses the material to form movable microstructures by etching directly into the bulk material. The advantage of bulk micromachining is that unlike surface micromachining high-aspect-ratio structures can be fabricated that are useful for large proof masses associated with accelerometers and gyroscopes. Additionally, the bulk material typically has much lower defect density than thin films.
The first SiC-based surface micromachining process was demonstrated by Fleischman et al [2] using polycrystalline SiC as a structural layer, polysilicon as a sacrificial layer and KOH as a release agent. Polycrystalline SiC has been used to fabricate thin-film thermistors [3] and resistive temperature sensors [4] utilizing surface micromachining techniques. Micromotors operating up to 500
• C have also been fabricated using surface micromachining of polycrystalline SiC [5] . A bulk micromachined 6H-SiC peizoresistive pressure sensor has been reported by Okojie et al [6] . The first 6H-SiC based microstructure without a buried sacrificial layer was reported by Huang et al [7] . They have employed an anisotropic ECR etch from three different angles relative to the wafer surface in order to pattern and release freestanding structures. In this paper, we report and describe the fabrication of singlecrystal SiC cantilevers using bulk micromachining with an inductively coupled plasma reactive ion etching (ICP-RIE) system, which is a much simpler technology with higher rate/lower damage than an ECR system. We have also determined the micromechanical properties of the fabricated SiC cantilever beam using an atomic force microscope (AFM).
Bulk micromachining and fabrication of a SiC cantilever
Bulk micromachining requires high etch rates to minimize the etching time. Etch depths of at least 200 µm are required for bulk micromachined SiC structures. The starting material for the presented work was an n-type 6H-SiC substrate supplied by Cree Inc. (Durham, NC). In our previous study [8] of mask materials for SiC etch, we have observed that Ni has the lowest etch rate compared to other materials. Its etch rate was less than 20 nm min −1 . The selectivity of the mask material (Ni) and the substrate (SiC) was around 1:35. Since Ni demonstrated suitably high etch selectivity between the mask and the substrate, evaporated Ni was used as the mask for etch-rate determination while electroplated Ni was used to demonstrate deep etched structures. Ti/Ni (100Å/1000Å) was deposited on the SiC substrate and a metal lift-off technique was used to pattern the sample for etch-rate determination. The samples were etched in a loadlocked Plasma-Therm Shuttlelock 700 ICP-RIE system using gas mixtures of SF 6 /O 2 . ICP-RIE is a versatile technique, which is characterized by high plasma density (>10 11 cm 2 ) and operation at low chamber pressure (1-5 mTorr). The plasma density and substrate bias voltage can be controlled independently of the chamber pressure through ICP coil power unlike traditional RIE. SF 6 /O 2 flow rates and chamber pressure were kept constant at 8/2 sccm and 3 mTorr, respectively. ICP coil power and dc bias voltage were varied from 400 W to 900 W and 100 V to 450 V, respectively. Etch depths were measured using a profilometer after the Ti/Ni metal mask had been removed using hydrofluoric acid (HF) and commercial nickel etchant. Etching was performed at room temperature. Etch rates have been measured as a function of substrate bias voltage and ICP coil power. Figure 1(a) shows etch rate as a function of substrate bias voltage at two different electrode RF power levels. Etching was performed at bias voltages as low as -100 V where the etch rate was measured to be Etching was carried out for ICP coil power ranging from 500 W to 900 W at substrate bias voltages of -250 V and -450 V with a chamber pressure of 5 mTorr. At -450 V bias voltage and 900 W ICP coil power, we have achieved an etch rate as high as 0.7 µm min −1 . The sidewall of the etched sample was smooth and highly anisotropic. Any roughness observed in the sidewall was due to the striations present in the evaporated Ti/Ni mask.
SiC microstructures have been fabricated utilizing the ICP-RIE system and etch rate study described above. A schematic representation of the process steps for the fabrication of a SiC cantilever structure is shown in figure 2 . The cantilever pattern was defined by a bilayer Ti/Ni (100Å/1000Å) mask on the front side of the sample using standard photolithography and lift-off processing. The schematic of the mask we have used to transfer the pattern is shown in figure 3 . The pattern is of the form of a spatula with a square head and a cantilever extending to the head as shown in figure 4 . The dimension of the head is 40 µm square and the lengths of the cantilevers are ranging from 100 µm to 350 µm. The widths of the cantilevers range from 10 µm to 20 µm. The ICP-RIE system is then used with the process parameters shown in table 1 to etch the patterned SiC samples from the front side to define the thickness of the cantilever.
The thicknesses of cantilevers range from 10 µm to 15 µm. After the front side is etched, square windows are patterned on the backside of the samples with a Ni mask directly beneath the cantilever patterns using a Quintel Q7000 IR backside mask aligner. The square windows on the backside define the region of the substrate that will be removed by deep ICP-RIE etch to release the cantilever structures. The length of the square window sides is 500 µm. In order to deeply etch SiC, a thick Ni mask is needed. First, a Cu seed layer (100Å) is used to define the square windows on the backside of the samples through standard photolithography and lift-off. Then, a thick Ni (8 µm) mask is deposited by electroplating. Finally, the SiC sample is etched from the backside using the ICP-RIE system with the previous recipe until the cantilevers are released. SEM images of the cantilever structures are shown in figure 5. Figure 5(b) shows the smooth sidewall and highly anisotropic etch of a thicker sample (30 µm). Measurements have also been performed to calculate the micromechanical properties of the SiC microstructures on several 20 µm wide cantilever beams with thickness 13 µm and lengths ranging from 100 µm to 350 µm.
Micromechanical properties measurements
The presented micromechanical measurements are based on the beam bending method of an end-loaded cantilever with an AFM probe as described by Serre et al [9, 10] . AFM can record the amount of force felt by the AFM cantilever as the probe tip is brought close to a sample surface and then pulled away. Force-versus-distance curves (force curves) show the deflection of the free end of the AFM cantilever as the fixed end of the cantilever is brought vertically towards and then away from the sample surface. This is done by applying a triangle wave voltage pattern to the electrode for the z-scanner. This causes the scanner to expand and then contract in the vertical direction, generating relative motion between the AFM cantilever and the sample. The deflection of the free end of the AFM cantilever is measured and plotted at many points as the z-axis scanner extends the cantilever towards the surface and then retracts it again. The measuring process is schematically shown in figure 6 . The curve of the deflection versus displacement (approach curve) of the probe as shown in figure 7 is obtained when the probe approaches cyclically and is retracted from the surface of the cantilever. The total displacement is the sum of the AFM probes' displacement and the bending of the cantilever beam. Detail of the process is described in the Dimension 3100 Manual (chapter 13, pp 7-24). The behavior of both the cantilever beam and the AFM probe can be described by Hooke's law for small deformation and the total force constant of the beam probe system is the combination of two springs in series according to [9, 10] 
where k eq , k p and k b are the spring constants of the system, the probe and the cantilever beam, respectively [9, 10] . Using the general deflection equation of Castigliano's method [11] , the spring constant of our cantilever beam k b , made of a material of Young's modulus E, can be expressed by
where w 1 , w 2 and l 1 , l 2 are the widths and the lengths of the cantilever as shown in figure 4 . The thickness of the cantilever is denoted by t. The micromechanical measurements have been conducted with a Dimension 3100 AFM. The probe was a standard high-frequency silicon tapping AFM micromechanical tip. Photodetector response was previously calibrated by measuring an approach curve on a fixed hard substrate surface, such that the displacement of the probe is equal to its deflection, and the conversion factor of the photodetector is adjusted to get a slope of 1. The estimated force constant of the tip (k p ) was 97.2 N m −1
. This value was confirmed with a thermal tuning calibration on an Asylum Research MFP-3D AFM, with an accuracy estimated to be within 2% [12] . The slope of the deflection curve of figure 7 yields the relative spring constant (k eq ) of the combined two-cantilever system referenced to the known AFM probe spring constant (k p ). Since the spring constant of the AFM probe is now known, the spring constant of the SiC cantilever (k b ) is determined and its Young's modulus can then be calculated using equation (2) . The spring constants of the combined system (k eq ) and the SiC cantilever (k b ) are given in table 2. Young's modulus is calculated for 13 µm thick and 20 µm wide cantilevers. The total lengths (l 1 + l 2 ) of the tested cantilevers are 100 µm, 200 µm, 250 µm, 300 µm and 350 µm. These lengths of cantilever are also referred as 'original length' in figure 8. Figure 8 shows the measured Young's modulus of SiC as a function of cantilever beam lengths. The mean of the measured Young's modulus is 441 GPa. 
Results and discussion
For the Young's modulus measurements, geometric parameters of the cantilever such as the beam length l and thickness t are highly critical since both enter equation (2) to the third power. Both the length and the thickness of the beam were measured with high precision by using a scanning electron microscope (SEM). Since the AFM probe contacts the surface of the SiC cantilever within approximately 5 µm from the end, the adjusted cantilever lengths are 95 µm, 145 µm, 195 µm, 245 µm and 345 µm and they represent the shortest possible length for the purpose of Young's modulus calculation. These lengths are referred as 'adjusted lengths' in figure 8. The Young's modulus of SiC as a function of adjusted cantilever beam lengths is shown in figure 8 . Error bars are calculated from the mean of the measured Young's modulus values for each cantilever. The value of the modulus is within the range of error. Another error comes from the thermal cantilever used to confirm the spring constant of the AFM cantilever (k p ). Recent testing at Asylum Research [12] has found that the thermal tune results are within 2% or better with tapping cantilevers. Thus, the errors in our measurements are likely to be dominated by the precise placement of the AFM tip near the end of the cantilever, accounting for the scatter in the observed values.
There is no unique Young's modulus value for 6H-SiC so far. In the literature [10, [13] [14] [15] [16] , several values are mentioned for different polytypic SiC as shown in table 3. Table 3 also shows the comparison of our value with the documented values in the literature. [14] 442 Harris et al [14] 447 Matus et al [15] 392 Fekade et al [16] 448 This work 441
Conclusion
A method of fabricating single-crystal 6H-SiC cantilever beams using an ICP-RIE bulk micromachining technology has been reported. We achieved 10 µm wide features with etch rates comparable to that of silicon. This demonstrates that many devices currently made with silicon can be made using this process with SiC, taking advantage of the high temperature performance and increased modulus of SiC. We have measured the Young's modulus of the fabricated SiC cantilever as required for the development and optimization of advanced micromachining sensor technologies. Since there is no exclusive Young's modulus value for 6H-SiC, our measurements are in close agreement with other published values for the properties of polytypic SiC.
